Several studies have demonstrated the ability of amines in the capture of released CO2 from industrial and energy sources, however, the high energy consumption has prevented this technology from industrial application. The purpose of this study is to look for a novel amine blends that may overcome the high energy requirement for amine solvent based CO2 post-combustion capture. Five amines of varying chemical structures (MDEA, 2MAE, 2DMAE, IDMA2P and TMDAP) were tested on the basis of CO2 absorption capacity and heat of absorption. The most promising amine, 2MAE, was further used to blend with the four other amines and the effect of varying the blending ratios were further studied. The best performing blend is (2MAE 5wt% / TMPAD 25wt %) with a CO2 loading of 1.35 and heat of absorption between (-60.4 kJ/mol of CO2).
Introduction
Power generation is the main source of CO2 emitted to the atmosphere. Fossil fuel provides more than 80 percent of our energy demand [1] . Fossil fuels power plants result in the huge amount of CO2 emitted to the atmosphere. The global energy consumption is increasing resulting in increasing the greenhouse gases emitted to the atmosphere mainly CO2. The annual emission of CO2 is expected to increase by 40 Gt [2] . Which will result in increasing the average temperature of the earth between 3.6 and 5.3 o C [3] . Post-combustion technology is highly suitable for reducing the amount of CO2 released into the atmosphere during combustion. Also, it is the only currently available method the can significantly reduce CO2 emission in large scale industrial processes in the long run. The chemical absorption with the use of alkanoamines have been a popular method. Three recognized classes of alkanolamines which have been studied are primary amines, secondary amine and tertiary amine with examples of Monoethanolamine (MEA), diethanolamine (DEA) and methyl diethanolamine (MDEA), respectively.
Aqueous MEA solution has been used by various studies for CO2 absorption. The choice of MEA is not but for its low cost, high absorption rate and fairly good absorption capacity [4] . The major limitation of this potential solution to CO2 emission is its high energy requirements especially in the solution regeneration and this has slowed down the possibility of industrial scale expansion. Intense efforts have however been committed recently to develop more adequate amines possessing high CO2 absorption capacity, high absorption rate and low heat of absorption compared to MEA in a bid to reduce cost of CO2 capture in post-combustion technologies [5] .
This study investigates the potential of blending secondary amine with tertiary amines in order to overcome the drawback from single amines. Tertiary amines, in general, has high absorption capacity and lower heat of absorption compared to conventional amines, however, the reactivity of tertiary is relatively very low. Secondary amines have high reactivity that is very close to single amines. The two parameters considered in this study are the heat of absorption and CO2 absorption capacity. The objective of this work is to investigate the improvement of these parameters by blending amines.
Experiments

CO2 Loading in Amines
A solvent screening setup (S.S.S.) as shown in figure 1 constituting six glass reactors (V=250mL ± 0.5) was used for the CO2 absorption experiments. SSS can operate at temperature range from 298.15 -423.15K (± 1 K) and pressure range of 0-6 bars (± 0.01 bar). A magnetic stirrer (speed max=1500 rpm (± 1 rpm)) is used to ensure a homogeneous contact between the solution and CO2 by creation of a vortex.
150g of aqueous amine solution (30wt% total) was prepared and introduced into the system where tests were carried out at 313.15K with 500 rpm as mixing speed. For the gas flow simulation, a mixture of CO2 and N2 in volumetric ratio of 15:85 vol% was fed into a make-up vessel and allowed to reach a pressure of 2 bar at 15 L/h using a mass flow controller. While the pressure inside each of the glass reactor was maintained as 1bar throughout the CO2 absorption, the absorption of CO2 in amine solution is considered complete when equilibrium is reached i.e. when the CO2 concentration flow in is equal to that in flow out of the system.
Heat of Absorption
A flow micro-calorimeter by Thermal Hazard Technology (UK) connected to a URC control software as shown in Figure 2 was used to evaluate the heat and loading of CO2 absorption of the amines. The equipment was set to operate at 298.15 -353.15 K (± 1 K) with its allowable gas flow rate being 0 to 20 ml/min (± 0.1 ml/min).
The cell containing sample was placed into the calorimeter at 313.15 K and atmospheric pressure. The initial variation in the power at the early stage of the test is recorded by the software. Afterwards, Next, CO2 flows at 0.5 ml/min (± 0.01 ml/min) into the sample cell after passing through a desiccant column. The exothermic reaction between CO2 and the aqueous amine solution results in an initial increase and decrease in the power signal before it becomes stable once the reaction reaches equilibrium.
The weights of the cell only, the cell + sample, and the cell + sample + absorbed CO2 were noted to calculate the mass of CO2 absorption absorbed during the experiment. The integral heat Q (in kJ) was determined from the URC analysis software and the heat of absorption ΔH (-kJ/mole of CO2) is obtained by dividing the integral heat, Q (in kJ), by the mole of CO2 absorbed. 
Results
Stand-Alone Amines
This section presents results of the five stand-alone amines considered in this study. The selected compounds represents various classes, structure, configuration and chemical group of amines in an effort to investigate the impact of the amine structure on the CO2 loading. These structures are listed in Table 1 . Table 2 shows the results of the CO2 loading in the aqueous amine solution at 30wt% at 40 o C. Comparing MEA with 2MAE where one hydrogen that is attached to nitrogen has been replaced by methyl group to form a secondary amine. The CO2 has not changed much. However by replacing two hydrogens that are attached to the nitrogen with two methyl group to form 2DMAE the loading increased from 0.58 to 0.73. Compering 2DMAE with 1DMA2P where one hydrogen of the carbon closest to the alcohol group has been replaced with methyl group. The change on the CO2 loading is insignificant. The CO2 loading for 2DMAE is 0.73 and for 1DMA2P is 0.72. The results indicate that attaching methyl grope to nitrogen to form tertiary amine result on a significant enhancement of the CO2 loading. Alkyl group has electron donating effect that increase the polarity of the nitrogen which is the reason of the enchantment of the CO2 loading. These results are in accordance with the studies of Singh et al. where the impact of the alkyl and number of amino groups in the amine molecule enhance the absorption capacity of the amine based solvents [6] .
TMDAP is tertiary amine with two methyl group attached to the nitrogen like 2DMAE. The difference is that alcohol group in 2DMAE has been replaced with a tertiary amino group with two methyl group attached to the nitrogen. The CO2 loading has been significantly increased from 0.73 to 1.16. The reason for this enhancement is because of the extra amino group that acts as another site for CO2 capture.
MDEA is also tertiary amine with a methyl group attached to the nitrogen similar to 2DMAE and two carbon chain with alcohol functional group attached to the nitrogen. Alcohol group has an electron attracting effect that results in reducing the polarity on the nitrogen resulting in reducing the absorption capacity. The absorption capacity of MDEA decreased from 0.73 to 0.52. To evaluate the operational validity of the calorimeter equipment used for this study, the heat of CO2 absorption of MDEA at same operating conditions was measured and compared with the available literature data [7] . The obtained value of -52.51 kJ/mole of CO2 (αCO2=0.74) with 2% uncertainty agrees with the reported values in literature [8] . Table 3 shows the heat of absorption of the five stand-alone amine solutions measured at 313.15K and atmospheric pressure tested on URC. Reported results were carried out at least 5 times to ensure accuracy and obtain consistent values. The absorption capacity data reported in table 3 are obtained from URC not form SSS with a feed of pure CO2. The aim of this study is to find a solvent with high CO2 loading and minimum heat of absorption the does not increase the reboiler duty. Secondary amines tend to from stable carbamate which results in high absorption capacity in comparison with tertiary amines that usually form an unstable carbamate. The heat of absorption of MEA is -85.13kJ/mol of CO2 which is the reason of the high energy requirement for the capture process. So it has been assumed that -70kJ/mol of CO2 will be the limit of the heat of absorption. Therefore anything below -70kJ/mol of CO2 would be acceptable. By looking on the amines on this study 2MAE beats the limit.
2MAE demonstrates CO2 loading up to 0.60 and a heat of absorption below 70 kJ/mole of CO2, also and thus seem to be a potential candidate for CO2 capture application. 
Amine Blends
According to the CO2 loading and heat of absorption results of 2MAE discussed in the previous section, the compound is used as a basis for the amine blends system at the same operating conditions. It is blended with MDEA, 1DMA2P, 2DMA2P and TMPAD in varying percentages of 5, 10 and 15wt% to make a total of 30wt%. Table 4 shows the result of blending 2MAE with 2DMAE, 1DMA2P, MDEA and TMPAD at 40⁰C. The heat of absorption of (2MAE 15wt% / 2DMA2P 15wt %) is -70.2 which is higher than the limit that has been set. The CO2 loading is the highest with 2MAE blended with TMDAP. For 5%, 10% and 15%wt the CO2 loading are respectively 1.35, 1.22 and 1.04. The result shows that the lowest loading is 0.54 from blending (2MAE 5wt% / MDEA 25wt %) while the highest loading is 1.35 from the blend of 2MAE with TMPAD as (2MAE 5wt% / TMPAD 25wt %). 2MAE blend with TMDAP in (2MAE 5wt% / TMPAD 25wt %) got both advantages for higher CO2 loading as well as the lower heat of absorption.
By analyzing the results based on the chemical structure of the tested amines, it is observed that 1DMA2P and 2DMAE both of which are MEA derivatives does not show any significant difference in terms of CO2 loadings even though one hydrogen has been substituted with methyl group for 1DMA2P and one hydrogen has been substituted with ethyl group for 2DMAE. CO2 loading for 2MAE 5wt% +1DMA2P 25wt % and 2MAE 5wt% +2DMA2P were identical with values being 0.68 and 0.69 respectively. Also, both 2MAE 10wt% +1DMA2P 20wt % and 2MAE 10wt% +2DMA2P 20 wt% have the same CO2 loading of 0.65. 
Conclusions
As a conclusion of this study, a great potential of new solvent could be achieved by blending 2MAE with TMDAP. The heat of absorption got decreased below -70 kJ/mol of CO2 for all blends. And the absorption capacity is higher than conventional amines. This study shows that CO2 loading is the highest by blending 2MAE with TMDAP ranging from 1.04 to 1.35 . For all the blends studied, increase in the concentration of 2MAE results in an increase in the heat of absorption. 5% wt of 2MAE blended with the amines general show lower heat of absorption. Further studies are encouraged to investigate the kinetics parameters of 2MAE/TMDAP blends to ensure its suitability for industrial applications in post-combustion carbon capture. 
